LEYDIG CELL (interstitial cell) tumors of the testis in man are rare and account for less than 2% of all testicular tumors (1, 2), whereas these tumors occur relatively frequently in animals (3-5). Jacobs and Huseby (6) reported an incidence of 68% of spontaneous testicular interstitial cell tumors in Fischer rats aged between 497 and 917 days, which were set aside as nonbreeders. These tumors can be induced experimentally in rats and mice by a variety of methods in a limited time. Administration of exogenous estrogens to certain strains of mice results in the development of Leydig cell tumors (7, 8). In rats, these tumors can be induced by ligation of the spermatic artery and pampiniform plexus or by ligation of all blood vessels in the spermatic cord, including those of the vas deferens (9, 10). Gunn et al. (11) described the development of testicular interstitial cell tumors in rats and mice after subcutaneous injection of a single dose of cadmium chloride. A high incidence of Leydig cell tumors in rats was also noted by Roe et al. (12) when these animals were given subcutaneous injections of cadmium sulfate.
LEYDIG CELL (interstitial cell) tumors of the testis in man are rare and account for less than 2% of all testicular tumors (1, 2), whereas these tumors occur relatively frequently in animals (3-5). Jacobs and Huseby (6) reported an incidence of 68% of spontaneous testicular interstitial cell tumors in Fischer rats aged between 497 and 917 days, which were set aside as nonbreeders. These tumors can be induced experimentally in rats and mice by a variety of methods in a limited time. Administration of exogenous estrogens to certain strains of mice results in the development of Leydig cell tumors (7, 8) . In rats, these tumors can be induced by ligation of the spermatic artery and pampiniform plexus or by ligation of all blood vessels in the spermatic cord, including those of the vas deferens (9, 10). Gunn et al. (11) described the development of testicular interstitial cell tumors in rats and mice after subcutaneous injection of a single dose of cadmium chloride. A high incidence of Leydig cell tumors in rats was also noted by Roe et al. (12) when these animals were given subcutaneous injections of cadmium sulfate.
Although numerous studies dealing with the experimental induction, histology, hormone production, and transplantability of Leydig cell tumors of the testis of rats and mice have been reported, no detailed analysis of the ultrastructure of these tumors is available. These studies were undertaken to ascertain if ultrastructural differences indeed exist between experimentally induced and spontaneously occurring Leydig cell tumors of the rat testis. This paper illustrates the ultrastructural and cytochemical features of cadmium-induced Leydig cell tumors of the rat testis and demonstrates that the ultrastructural aspects of these tumors correspond to the cytologic details of spontaneous Leydig cell tumors described by Reddy and Svoboda (13), and are characteristic of cells capable of steroid synthesis (14, 15).
MATERIALS AND METHODS
Induction of tumors. -Thirty male Fischer-344 rats 4-5 weeks old weighing 80-100 g were housed in individual cages and maintained on Purina Laboratory Chow and water ad libitum. Twenty were given a single subcutaneous (sc) injection of cadmium chloride in a dose of 0.03 mmole/kg body weight. The remaining 10 rats received 0.2 ml of normal saline sc and served as controls. One year after the injection of cadmium or saline the animals were killed under methoxyflurane (Metofane, Pitman-Moore Division, Dow Chemical Company, Indianapolis, Ind.) anesthesia. Both testes were exposed and cut transversely; the number and size of Leydig cell tumors were recorded.
Morphology.-Small pieces of tumors were fixed in neutral buffered formalin and processed for light microscopy. Sections of 3-41' paraffin-embedded tumor were stained with hematoxylin and eosin. For electron microscopy, small segments of tumor were fixed for 1-2 hours at 0--4°C in 2% osmium tetroxide (OsO,) in O.lM S-collidine buffered to pH 7.4. Additional samples of some tumors were fixed for 30 minutes in 2.5% glutaraldehyde, buffered to pH 7.4 with 0.1M sodium cacodylate, and postfixed in OS04 for 1-2 hours. After fixation, the tissues were dehydrated in a graded series of alcohols and embedded in a mixture of Epon and Araldite. Sections were cut with an LKB ultramicrotome and stained with lead hydroxide.
Histochemical methods.-S 5-313-Hydroxysteroid dehydrogenase (3I3HSD) was localized in frozen sections by Allen's modification (16) of Wattenberg's procedure (17). The ferricyanide reduction method of Shnitka and Talibi (18) was used for the localization of a-hydroxy acid oxidase activity in these tumors at the light microscopic level. For histochemical localization of urate oxidase the method of Graham and Karnovsky (19) was employed.
Cytochemical methods.-For the cytochemical localization of catalase, small portions of tumor were fixed in 2.5% glutaraldehyde buffered with O.lM sodium cacodylate, pH 7.4, for 4 hours at 0--4°C. After fixation the tissues were rinsed overnight in O.lM cacodylate buffer containing 0.2M sucrose and then incubated at 37°C for 30 minutes in the 3-3' -diaminobenzidine oxidation medium of Novikoff and Goldfischer (20) . The medium contained 20 mg 3-3'-diaminobenzidine tetrachloride (Sigma Chemical Co., St. Louis, Mo.) in 10 ml 0.05M 2-amino-2-methyl-l,3-propanediol buffer, pH 9.4, and 0.2 ml 1% hydrogen peroxide. Control sections were preincubated for 15 minutes in propanediol buffer containing 0.02M aminotriazole followed by incubation in standard 3-3'-diaminobenzidine (DAB) medium also containing 0.02M aminotriazole.
For localizing acid phosphatase activity, the glutaraldehyde-fixed tissues were incubated in Gomori (21) medium containing sodium-S-glycerophosphate. Selected samples of Leydig cell tumors were occasionally incubated in acid phosphatase medium for 15-20 minutes at 37°C and were subsequently incubated in DAB medium, pH 9.4, for 30 minutes at 37°C for localizing catalase activity.
RESULTS

Morphology
Of 20 rats killed 1 year after cadmium injection, 16 (80%) developed Leydig cell (interstitial cell) tumors; of these, 11 had bilateral tumors. No neoplasms were observed among the saline-treated controls. The Leydig cell tumors in animals given cadmium varied in size, measuring 3-15 mm in diameter. The tumors were well circumscribed, presenting a cut surface of yellow or yellow-brown. The remaining testicular parenchyma was atrophic, with calcification of seminiferous tubules ( fig. 1 ). When the tumor was approximately 1 em or larger, the amount of calcium in the testis was markedly diminished. This is attributed to circumferential expansion of the Leydig cell tumor, resulting in calcium resorption ( fig. 2) . Histologically, the well-differentiated tumors were composed of Leydig cells of a relatively uniform appearance. The tumor cells were polygonal with abundant cytoplasm and contained a large spherical nucleus with a prominent nucleolus ( fig. 3 ). The histologic appearance of cadmium-induced interstitial cell tumors was similar to that observed in spontaneous tumors in these rats (13).
Electron Several small, single membrane-bound, cytoplasmic organelles were in tumor cells (figs. 4-6). These organelles were identified as microbodies (peroxisomes). Most microbody profiles were 0.1-0.3jL in diameter, had a relatively homogeneous matrix, and lacked a crystalline nucleoid. The nuclei in tumor cells were fairly large and spherical, with several interchromatin granules in the nucleoplasm (fig. 4) . Most tumor cells possessed 1 to 2 nucleoli. The granular and fibrillar nucleolar components were interspersed intimately. Focal condensations of fibrillar component were noted in several nucleoli.
The cell surface was often irregular. Numerous microvilli were observed when cells were separated by wide spaces ( fig. 7) . Tight junctions were frequent. Microfilaments were numerous in the peripheral portions of the cytoplasm, running in proximity to groups of microbodies. Some tumor cells revealed elongated, quadrangular, radiolucent, crystal-like inclusions (figs. 8, 9). They were limited by a single membrane and contained a narrow rim of electron-opaque homogeneous material inside the membrane, possibly representing cholesterol. Virus particles or other related particles were not found in the cytoplasm or nucleus of these tumor cells.
Cytochemistry
When incubated m diaminobenzidine medium for localizing catalase, most single membranelimited organelles revealed electron dense reaction product in the matrix (figs. 11-14). The reaction product appeared relatively dense in the amorphous densities in some microbodies and also in the walls of parallel lines of the tubular extensions (figs. 11, 14). No reaction product was observed in microbodies when tumor tissue was incubated in diaminobenzidine medium containing aminotriazole, an inhibitor of catalase. When Leydig-cell tumor tissue was incubated initially in acid phosphatase medium and subsequently in diaminobenzidine medium, the microbodies and lysosomes were differentiated easily, due to distinct differences in the nature of the reaction products ( fig. 11) . The distribution of the reaction product was spotty and not comparable to the degree of localization of catalase. Urate oxidase activity was not demonstrable in these tumors histochemically.
DISCUSSION
Nonlethal doses of cadmium salts can extensively damage seminiferous tubules and the interstitial tissue of the testis of several mammalian species (22-26). Apparently cadmium-induced testicular damage is the direct result of its injurious effects on the testicular vasculature (24). Although the seminiferous tubules are irreversibly damaged and calcified, the regeneration of the interstitial cells of Leydig ensues in a few months, followed by the unequivocal development of Leydig cell neoplasia in approximately 1 year after cadmium injection. In this study, 80% of rats given a single dose of cadmium chloride developed Leydig cell tumors at 1 year. This incidence is roughly comparable to that obtained by Gunn et al. (11) . Histologically, these tumors are composed of cells resembling normal interstitial cells with granular or vesicular cytoplasm.
The ultrastructural features of cadmium-induced Leydig cell tumors correspond in most respects with the fine structural morphology of normal Leydig cells (27, 28), and with the spontaneously occurring Leydig cell tumors in rat testis (13) and their transplants (29). The plasmalemma of tumor cells revealed numerous microvilli, similar to those seen in the normal Leydig cells. Within the cytoplasm, both membrane-bound and free lipid were frequent, and the lipid-rich tumor cells contained numerous well developed mitochondria and microbodies. In some tumor cells, the lipid was undetectable ultrastructurally or present as few isolated droplets, perhaps because the cell was in maximal secretory phase or the process of division. Mitochondrial morphology in cadmium-induced Leydig cell tumors of the testis showed minimal variation. The mitochondria appeared more numerous than in normal Leydig cells and had compact vesicular structure. Mitochondrial granules in the normal Leydig cells were also observed in the tumor cells. Linear inclusions in the matrix, similar to those in the mitochondria of one spontaneous Leydig cell tumor (13) were also noted occasionally. Their significance, however, is not known.
The granular endoplasmic reticulum of these tumor cells after glutaraldehyde fixation was prominent and appeared as a network of communicating tubules of uniform diameter. However, in an occasional osmium-fixed tumor, the agranular endoplasmic reticulum presented as isolated vesicles. Christensen (30) reported convincing evidence that the agranular reticulum in interstitial cells is normally in the form of interconnecting tubules and that the vesicular form is an artifact of fixation resulting from dilation and fragmentation of tubular reticulum. The presence of abundant agranular endoplasmic reticulum in these tumor cells and of 3J3-hydroxysteroid dehydrogenase activity strongly suggests that these tumors are capable of steroid biosynthesis. Furthermore, the mitochondrial morphology observed in these tumor cells is identical to that seen in other steroidogenic tissues, such as adrenal cortex (31) and ovary (32).
Numerous microbodies (peroxisomes) were identified by ultrastructural characteristics and cytochemical localization of the catalase enzyme. The morphologic appearance of microbodies in cadmium-induced Leydig cell tumors appeared strikingly similar to those seen in spontaneous Leydig cell tumors of the rat testis (13). Several microbodies contained tubular or cylindrical inclusions like those described in some microbodies of rat kidney (33-35). These tubular inclusions of microbodies were observed occasionally in the normal Leydig cells of the rat testis [see fig. 4 in (28) ]. These inclusions are not associated with uricase, since no uricase activity was demonstrable in these tumors histochemically. a-Hydroxy acid oxidase activity was demonstrable by histochemical methods at the light microscopic level, but attempts to localize this enzyme at the ultrastructural level were unsuccessful. The amphorous densities observed in some microbody profiles seem to represent condensation of catalase protein in view of the intensity of reaction product seen after DAB incubation ( fig. 14) .
Recent studies have demonstrated the presence of microbodies in various cell types (36) (37) (38) (39) (40) . The ultrastructural features of microbodies in normal and neoplastic Leydig cells appear to be distinct when compared with microbodies of other cell types, except for those of liver and kidney, because of the cylindrical inclusions.
The significance of microbodies in interstitial cells of the testis is not known. These organelles may be associated with either cholesterol or androgen biosynthesis or both (28). Microbodies in Leydig cell tumors are in close relationship with the lipid vacuoles and also reveal continuities with membranes of SER.
The presence of microbodies in several primary and transplanted hepatomas was described (41) (42) (43) . 
